German Cardiac Society provides physical and electrophysiological background information and specific recommendations for the procedural management of patients with cardiac pacemakers (PM) and implantable cardioverter defibrillators (ICD) undergoing magnetic resonance (MR) imaging. The paper outlines the responsibilities of radiologists and cardiologists regarding patient education, indications, and monitoring with modification of MR sequences and PM/ ICD reprogramming strategies being discussed in particular. The aim is to optimize patient safety and to improve legal clarity in order to facilitate the access of SM/ICD patients to MR imaging. Key Points: ▪ Conventional PM and ICD systems are no longer an absolute but rather a relative contraindication for performing an MR examination. Procedural management includes the assessment of the individual risk/benefit ratio, comprehensive patient informed consent about specific risks and "off label" use, extensive PM/ICD-related and MR-related safety precautions to reduce these risks to the greatest extent possible, as well as adequate monitoring techniques.
Introduction
The presence of a pacemaker (PM) or implantable cardioverter defibrillator (ICD) system has long been considered an absolute contraindication for MR imaging (MRI). However, various studies in the last 15 years have been able to show that it is possible to perform MR examinations with an acceptable level of risk in patients with conventional PM/ICD systems taking into consideration the individual risk/benefit profile as a single-case decision and as "off-label" use and applying specific safety precautions [1 -20] . In 2008, a European position paper regarding this topic with participation of corresponding expert groups from cardiology and radiology was published and the presence of PM/ICD systems was newly classified as a relative MR contraindication [1] .
In the same year MR conditional or MR compatible pacemaker systems were introduced for the first time and are now offered by all major pacemaker manufacturers. These systemsdefined as a functional unit composed of the pacemaker pulse generator, leads, and a software-based MR protection modeare tested and approved for MR examination under certain conditions. Experience in recent years in Germany has shown that use of the systems varies greatly. While some specialized centers perform MR examinations as an off-label procedure even in patients with conventional PM/ICD systems with a corresponding indication under the recommended specific safety precautions, many MR facilities refuse to investigate patients with pacemakers or ICDs, even those with MR conditional systems. One reason for this is a significant lack of information and legal uncertainty on the part of both radiology and cardiology with respect to the concrete handling of these new developments and this technically complex and interdisciplinary issue in the clinical setting.
Updated recommendations/guidelines regarding this topic were published in 2013 by the European Society of Cardiology (ESC) [21] and in 2015 by the German Roentgen Society [22] but relate, particularly in the ESC publication, to the own specialty and do not provide a procedure that has been coordinated and approved by both societies.
This joint consensus paper of the German Roentgen Society and the German Cardiac Society provides physical and electrophysiological background information and specific recommendations for the procedural management of patients with PMs and ICDs, outlining the responsibilities of radiology and cardiology regarding patient education, indications, and monitoring with PM/ICD reprogramming being discussed in particular.
The following recommendations relate to the total clinical spectrum of MR examinations. Cardiac MR, which represents only a relatively small percentage of the total number of MR examinations but is becoming increasingly important in the diagnosis of cardiac diseases, is discussed separately.
MR imaging in patients with active cardiac implantsphysical and electrophysiological background There can be interactions between active cardiac implants (i. e., PMs and ICDs) and MR scanners that can be attributed to an interaction with the electromagnetic fields in the MR system, i. e., the static magnetic field (B 0 ), the gradient fields (G x , G y , G z ), and the high-frequency fields (B 1 ).
The static magnetic field has a field strength of 0.5 -3.0 Tesla in most clinical MR systems and is necessary to polarize the spins of hydrogen protons and thus to achieve nuclear magnetization. This strong magnetic field affects the ferromagnetic components of the implant. This results in an attractive force that is at its maximum in the immediate vicinity of the MR system in the region of the opening of the MR tunnel as well as a torque that is at its maximum in the center of the MR tunnel. These forces can result in paresthesia in individual cases in the region of the pacemaker pocket in older pacemaker models but are not large enough to dislocate ingrown PM/ICD systems or leads. In modern active cardiac implants, the ferromagnetic components have been largely reduced so that the effective forces have been decreased by a factor of approximately 10 and are lower than the gravitational forces acting on them [8] .
Older pacemakers and ICDs use a mechanical switch, known as the reed switch, as a control element. These reed switches are activated (closed) by a weak magnetic field in the form of a hand magnet, resulting in a mode switch to the asynchronous stimulation mode (D00 or V00) with deactivation of the sensing function in pacemakers and in deactivation of tachycardia detection in ICDs. However, these reed switches do not function properly in the strong static magnetic fields of MR systems. Since the torque effect predominates here, 50 % of switches remain deactivated (open) under consideration of all possible spatial orientations [9] . Since the behavior of the reed switch in the individual case cannot be predicted, there is a potential safety risk during an MR examination, e. g. due to uncontrolled asynchronous stimulation. In current devices and in particular in all MR conditional devices, Hall sensors are used instead of mechanical reed switches as the magnetic field detectors which function properly even in strong static magnetic fields.
Movement in the static magnetic field as well as voltages induced by the gradient and high-frequency fields can result in an electrical reset in older conventional devices with activation of an emergency mode (typically VVI). This can result in suboptimal pacing since individual stimulation parameters or protective antitachycardiac functions will be reset. According to current data, these electrical resets, which represent a potential safety risk, no longer occur in MR conditional pacemakers due to modifications and improved protection of the internal circuits.
The gradient fields are active during MR imaging to achieve spatial encoding of the MR signal. They have maximum slopes up to 80 mT/m and can be activated and deactivated in the submillisecond range (slew rate up to 200 T/m/s). The gradient fields are therefore temporally variable electromagnetic fields and can induce voltage pulses in the leads. This can be perceived by the PM/ICD system as intrinsic action of the heart with consecutive inhibition of PM stimulation or in the worst case can lead to a stimulation pulse with asynchronous myocardium stimulation. According to current data, the risk of cardiac stimulation is largely ruled out in the case of MR conditional pacemakers as a result of modifications to the electrical filters and protective circuits in the system.
The most complex and most significant interactions occur between the implant and the radiofrequency field of the MR unit. The radiofrequency field is necessary to excite the hydrogen protons to generate the MR signal. The frequency of these field referred to as high frequency (HF) or radio frequency (RF) depends on the magnetic flow density based on the gyromagnetic ratio and has magnetic field strengths of approximately 64 MHz at 1.5 Tesla respectively 128 MHz at 3.0 Tesla. These RF fields are electromagnetic waves and therefore possess in addition to the magnetic field an electrical field component that can interact with the conductive lead of the implant. The wave length of the RF field in the human body is approximately 50 cm at 1.5 Tesla and 25 cm at 3.0 Tesla due to the high dielectricity constant of human tissue. If PM or ICD leads have a length of whole or half-integral multiples of the wave length of the RF field, resonance effects can result in particularly high energy deposition at the lead tips. Like an antenna, the lead can receive the RF signal, locally intensify it and transmit its energy to the lead tip and from there to the heart muscle tissue resulting in thermal tissue damage and irreversible pacing capture threshold increases. The level of energy absorption and transmission to the tissue depends on many factors, such as the position and path of the lead in the patient, the position of the patient in the MR system, the design and insulation of the lead and the electrical design of the RF transmitter coil used in the system. In phantom experiments with clinically realistic system-lead configurations as well as in animal experiments, it was shown that the RF field can induce a significant temperature increase (ΔT up to 65°C) at the lead tip with the leads in certain positions [7, 10, 20] . In addition, it was shown that the coupling of a pacemaker pulse generator to the lead tends to reduce the RF-induced heating of the electrode tip. This is important, for example, when implanted leads must be disconnected (abandoned leads), which further increases the risk of potential heating of the leads.
Although the frequency of the RF field is much too high to result in direct depolarization of the cardiac muscle cell and thus cardiac contraction, rectification processes, e. g. via the nonlinear response of a protective diode in the system, are fundamentally possible. This may result in cardiac stimulation and the induction of ventricular tachycardia. Moreover, the RF field during these rectification processessimilarly to gradient fieldscan result in inhibition of the pacemaker and erroneous tachycardia therapy.
Incidence of complications of MR imaging in pacemaker and ICD patients
The real incidence of complications in MR examinations of patients with PM or ICD systems cannot be determined from real world data or register data since MR examinations in these patients were absolutely contraindicated until recently. There are only individual reports of complications from case reports of patients who underwent an MR examination without specific safety precautions because the physician was unaware of the presence of a pacemaker/ICD system. This includes at least 7 cases with a fatal outcome [28] . Both the true number of MR-related complications and the reference value, namely the total number of patients who underwent such an "accidental" MR examination, are not known.
Alternatively, it is possible to use the controlled studies in which PM/ICD patients underwent an MR examination under dedicated safety precautions and after detailed review of pacemaker function.
Under these controlled conditions, clinically relevant complications (bradyarrhythmia or tachyarrhythmia requiring treatment, lead dysfunction with the need for lead revision, damage to components or the total integrity of the pacemaker with the need to replace the system, myocardial infarction, pericardium perforation, death) were not reported in any of these studies with a cumulative total number of over 1000 patients.
However, various MR-induced effects that did not endanger patient safety were observed. The following should be mentioned here:
Before and after MR examination, statistically significant but very small and clinically irrelevant changes in the pacing capture threshold, impedance, and battery voltage [2] could be observed in pacemaker patients and lengthening of the charging time and a decrease in battery voltage [26] were seen in ICD patients. A small (< 20 %) change in amplitude in the right atrium and right ventricle was observed in approximately 80 % and 90 % of device patients, respectively.
With respect to MR conditional PM and ICD systems, there are multiple prospective randomized clinical studies about the MR safety of these active cardiac devices. Clinically relevant MR-related events or complications have not been reported in any of these studies [29 -32] .
MR imaging examinations in patients with conventional pacemaker systems

Critical review of indications for MR imaging in the case of conventional pacemakers
The clinical urgency and therapeutic consequences of a requested MR examination must be documented by the referring clinical physician, and the lack of adequate imaging alternatives should be indicated by the attending radiologist. An interdisciplinary decision regarding the performance or withholding of the examination should be made on a case-by-case basis by the referring physician, cardiologist and radiologist.
Critical for this decision is the estimation of the individual risk/ benefit ratio taking into account the electrophysiological risk profile (▶ Table 1 ), the specific risk of the respective region to be examined (▶ Table 2 ), as well as local circumstances (expertise of the attending radiological and cardiological personnel, guarantee of qualified patient monitoring during the MR examination, as well as adequate management of any possible emergency situation).
Of the electrophysiological risk parameters illustrated in ▶ Table 1 , the first three items -1. pacemaker dependency, 2. vulnerable myocardium/myocardial texture alterations with increased disposition for high-grade ventricular arrhythmias, as well as 3. abandoned pacemaker leadsshould be emphasized as main risks during an MR examination of a patient with a conventional pacemaker system. In these cases the indication must be determined on a particularly strict basis. However, none of these three points necessarily implies withholding of an MR examination iftaking into account the expected clinical benefit and the specific risk for the region to undergo MR examinationthe risk/benefit ratio is considered positive for the patient on the whole [22] .
Patient information/informed consent in the case of conventional pacemakers
During an appropriate time frame prior to MR examination, the patient should be specifically informed regarding the following circumstances and risks [22] : 1. MR examination of a patient with a conventional pacemaker is a non-approved ("off-label") procedure based on a case-bycase decision on the part of the attending physicians. The relevant authorities have not issued approval for MR examination, and neither pacemaker manufacturers nor the manufacturers of MR equipment will be liable for any damage or complications. 2. MR examination of a patient with a conventional pacemaker system poses the following potential risks and complications: ▪ Damage to the pacemaker system with the necessity of replacement ▪ Malfunction of the pacemaker leads, e. g. due to a heatingrelated irreversible increase of pacing capture thresholds, necessitating revision/extraction of the leads ▪ Heating of the pacemaker leads resulting in acute or chronic thermal damage to the cardiac muscle and ineffective pacemaker stimulation as a potentially life-threatening complication in the case of absolute PM dependency of the patient ▪ Induction of potentially life-threatening ventricular tachyarrhythmias ▪ Inhibition of pacemaker therapy of spontaneous bradyarrhythmic episodes occurring during MR examination with potentially life-threatening consequences in patients with absolute PM dependency Occurrence of the risks described above can be minimized by employing specific safety precautions. However, these risks cannot be absolutely eliminated and are not quantifiable in individual cases.
Reprogramming strategies for conventional pacemakers
The following possible interactions between the PM system and electromagnetic fields of the MR system must be taken into consideration in the reprogramming strategy for conventional PM systems: 1. Pulsed MR fields can result in complete inhibition of the PM with a corresponding potential risk for patients with absolute PM dependency. 2. In older PM models with a reed switch, activation of the reed switch (probability 50 %) by the static magnetic field results in asynchronous stimulation with the PM model-specific stimulation frequency (manufacturer-dependent between 85 and 100/min). This can result in competitive rhythms with a po-tentially arrhythmic effect in patients with high intrinsic cardiac frequencies.
The electromagnetic interference induced by the MR fields and
perceived by the PM can result in the PM no longer being able to discriminate between electromagnetic interference and intrinsic cardiac activity and thus switching to a protective mode with temporary asynchronous stimulation (so-called interference mode). Analogously to point 2, there is also a potential risk here for competitive rhythms. 4. A drop in battery voltage induced by the alternating electromagnetic fields of MR can result in a switch to emergency mode (electrical reset) with standard VVI programming. There is a potential risk when the original programming of V00 / D00 switches to VVI in patients with absolute PM dependency and the PM can thus be completely inhibited by the pulsed MR fields.
▶ Table 1 High-risk electrophysiological parameters for MR imaging of PM patients (modified according to [22] ).
electrophysiological parameters increased potential risks pacemaker dependence of the patient ▪ insufficient stimulation due to RF-induced tissue heating at the tips of the leads with increase of the pacing capture thresholds ▪ inhibition of stimulation due to gradient fields (false sensing) vulnerable myocardium (acute/subacute myocardial infarction, acute myocarditis), arrhythmogenic substrate/structural cardiac disease elevated risk for induction of ventricular fibrillation/ventricular tachycardia via voltage induction in the leads due to gradient fields or rectified RF fields Table 2 Risk assessment of the MR examination region in patients with pacemakers undergoing MR imaging (modified according to [22] ).
risk assessment of MR examination region rationale higher risk thoracic spine, heart/chest, breast, shoulder (upper arm and elbow depending on the specific position) leads located completely in RF transmitter coil with increased coupling of RF energy and potentially increased heating effects at the lead lower risk brain, pelvis, hip joint, knee, ankle/foot leads outside/largely outside the RF transmitter coil with limited RF energy coupling and only minimal heating effects at the lead tips
In light of this, the following procedure is recommended as an expansion of the ESC Guidelines on Cardiac Pacing and Cardiac Resynchronisation Therapy published in 2013 [21] , including practical instructions for the collaboration between attending cardiologists and radiologists: a) In patients with absolute PM dependency (defined as intrinsic heart rhythm < 30/min) and in patients without absolute PM dependency with permanent symptomatic bradycardia (intrinsic heart rhythm < 50/min, individual deviations possible depending on symptoms and evaluation of the cardiologist), an asynchronous mode (D00 or V00) should be programmed significantly above the intrinsic heart frequency of the patient. The reprogramming before and after the MR examination should ideally be performed as close in time to the MR examination as possible. For feasibility and logistical reasons and depending on the individual evaluation of the attending cardiologist, initial PM reprogramming before the MR examination can be performed at a different time and location than the MR examination (▶ Table 3 ). Reprogramming of the PM with restoration of the original mode and a check of PM functionality and pacing capture thresholds must be performed immediately after the MR examination. b) In non-PM-dependent patients with higher or unstable intrinsic heart rates there are 2 options for reprogramming: 1. Deactivation of the stimulation function of the PM The stimulation function of the PM is deactivated by reprogramming to 0D0, 000, or, if both options are not possible in the case of older PM models, the stimulation output is reprogrammed to "subthreshold". From an electrophysiological standpoint, this procedure requires reprogramming of the PM immediately before and after the MR examination in the MR unit to keep the duration of the deactivation of the PM function as short as possible. Moreover, short-term possibly emergencyreprogramming of the PM to its original mode in the MR unit must be ensured to treat possibly occurring symptomatic bradycardic episodes.
Reprogramming to VVI/DDI mode
The advantage of this option is that the initial (pre-MRI) reprogramming of the PM can be performed at a different time with respect to the MR exam and at a different location outside the MR unit (e. g. the cardiology/PM outpatient clinic) since the VVI mode offers sufficient protection against spontaneous bradycardic episodes. Reprogramming up to a maximum of 24 hours before MR examination is recommended. Reprogramming with restoration of the original mode and a check of PM functionality and pacing capture thresholds must be performed immediately after MR imaging. A disadvantage of this procedure is that the following two scenarios can occur: Despite programmed VVI mode, asynchronous stimulations during MR examination can be triggered 1. by activation of the magnetic reed switch in the static magnetic field or 2. by temporary switching to interference mode. The risk of these asynchronous stimulations triggering ventricular tachycardia or ventricular fibrillation in a "normal" PM patient without an arrhythmogenic myocardial substrate is very low from an electrophysiological standpoint but cannot be definitively ruled out. This underscores the necessity of qualified monitoring during MR examination with the emergency option of immediate defibrillation by the attending physician or an on-call emergency team. c) The stimulation pulse should be increased for all PM/ICD patients to four times the pacing capture threshold or to 5.0 volts/1.0 ms to compensate for a possibly occurring increase in pacing capture thresholds due to RF-induced heating of the PM leads. d) The sensing and stimulation polarity of the PM leads should be reprogrammed to bipolar (if possible). e) Additional stimulation functions (e. g. frequency-adapted stimulation, antitachycardia pacing) must be deactivated. f) The time at which the PM is reprogrammed in relation to the MR examination (immediately prior to MR examination vs. at a different time and location than the MR examination) depends on the electrophysiological status of the patient (▶ Table 3 ). In every case the PM should be reprogrammed immediately after MR examination to detect possible MR-induced alterations of the PM system (e. g. electrical reset, pacing capture threshold increase, battery depletion) and to restore the original mode optimized to the individual patient status. g) Follow-up to rule out long-term damage (e. g. chronic pacing capture threshold increase due to the formation of scar tissue) should be performed after 3 months.
Monitoring in the case of conventional pacemakers
A decisive safety element in the procedural management of patients with conventional pacemakers is adequate monitoring of vital functions in order to detect and treat potentially life-threatening complications earlyin particular the occurrence of tachyand bradyarrhythmias. Ventricular tachyarrhythmias can occur during an MR examination in PM patients: 1. as a result of asynchronous stimulations due to the abovedescribed interactions of the PM with the MR system and 2. as a result of voltage pulses induced in the leads with consecutive myocardial stimulation in the case of coupling of the electromagnetic MR fields into the PM lead loop
Bradyarrhythmias during an MR examination can occur: 1. in patients without PM dependency with intended deactivation of the stimulation function (0D0, 000; see above) as a result of spontaneous temporary episodes of bradycardia due to the primary disease of the patient, 2. in patients with absolute PM dependency with programming to the D00 mode as a result of MR-related electrical reset to the VVI mode and inhibition of the stimulation function by the pulsed MR fields, 3. in patients with absolute PM dependency due to ineffective stimulation in the case of an increase of the pacing capture thresholds as a result of thermal damage in the region of the lead tip.
Continuous pulse oximetry monitoring displaying the peripheral pulse wave and oxygen saturation using an MR conditional pulse oximeter certified for patient monitoring in the MR environment is mandatory. Moreover, additional ECG monitoring via a certified and MR-conditional ECG unit should be performed. However, it must be taken into consideration that, even in these dedicated devices, ECG registrations during active MR imaging often have significant overlaying artifacts so that diagnostic information can often only be obtained in MR imaging pauses. On-site availability of an external defibrillator must be ensured. Moreover, a PM programmer must be available on-site or on an emergency basis. It should be noted that all emergency measures for patients requiring the use of a defibrillator or programmer or other emergency equipment with ferromagnetic components must be performed outside the MR examination room since a strong attractive force is exerted on these devices in the vicinity of the MR system thus representing an immediate danger for patients and medical staff.
In constellations with a higher risk profile (▶ Table 1 )primarily in the case of absolute PM dependency, abandoned PM leads, additional leads in CRT systems and in the case of a myocardium with a potentially arrhythmogenic substrate (e. g. subacute myocardial infarction, acute myocarditis)a cardiologist must be present. The reason for the presence of a cardiologist is the need for immediate proper treatment in the case of clinically relevant episodes of bradyarrhythmia and ventricular tachyarrhythmia and the need of immediate treatment according to guidelines.
Abandoned PM leads are specified in the ESC guidelines from 2013 [21] as an absolute contraindication for an MR examination. From the viewpoint of the authors of this consensus paper, abandoned leadsas specified aboveshould be considered to significantly increase the risk profile. However, an MR examination can be performed in justified individual cases with clinical urgency and under consideration of the individual risk/benefit ratio. This applies in particular when the MR examination does not involve the thoracic region and when the patient does not have absolute PM dependency so that the main risk of abandoned leads, namely RF-induced heating with an increase of the pacing capture threshold and consecutive stimulation loss, becomes less relevant.
In the case of "uncomplicated" constellations with a low risk profile (patient without PM dependency, no MR examination in the thoracic region, no abandoned leads or other risk-increasing parameters), monitoring can be performed on-site by qualified medical personnel provided that a cardiologist is available on an emergency standby basis and proper initial care of the patient can be ensured until the arrival of a cardiologist.
MR-related safety precautions for conventional pacemakers
By far, the most numerous clinical experiences are with closed/ cylindrical MR units with a field strength of 1.5T; thus these MR systems are preferable for scheduled MR examinations of patients with conventional pacemakers [3, 13, 14, 16, 23 -26] . There are studies demonstrating the safety of MR imaging of the brain at a field strength of 3 T using specific safety precautions [12] . However, it must be noted that doubling of the resonance frequency from appr. 64 MHz (1.5 Tesla) to 128 MHz (3.0 Tesla) increases the RF energy by a factor of four and thus the permissible limit values of the specific absorption rate (SAR value) using identical sequence parameters are reached sooner. Outside the head region, it is thus significantly more difficult to control and limit SAR values and RF-induced heating effects at 3 Tesla.
Open MR systems should not be used due to a lack of data. The integrated RF body coil should be used as the RF transmit coil. Local transmit coils are absolutely contraindicated in the thoracic region. The use of local receive coils is non-critical and possible in all regions of the bodyincluding the chest.
RF-induced heating of the PM leads cannot be predicted in individual cases, as it is dependent on numerous influencing parameters, including the position and configuration of the PM leads in the patient as well as their position relative to the ▶ RF transmitter coil, relation of the wave length of the RF excitation pulse to the effective lead length, and SAR value (specific absorption rate) of the MR sequence used. The SAR value (unit W/kg) is a measure of the absorption of electromagnetic field energy in biological tissue. To limit consecutive tissue heating during an MR scan, the radio frequency power irradiated into the body is monitored by the MR system and the corresponding SAR value is displayed. In keeping with legally mandated IEC threshold values, the SAR value during an MR examination must not exceed 4 W/kg in the whole body or 3.2 W/kg in the head independent of the presence or absence of a pacemaker or an otherwise active or passive implant. If all other influencing parameters remain constant, there is a linear relationship between the SAR value of the related MR sequence and tissue heating at the tip of the pacemaker lead. This RF-induced tissue heating can thus be simply and effectively reduced by limiting the SAR value.
It is therefore strongly recommended that the whole body SAR value of all MR sequences should be limited to < 2 W/kg (upper threshold of normal operating mode) during MR examinations of patients with conventional pacemakers.
Note: While there are currently clearly defined limits regarding the level of radio frequency power irradiated into the body and the gradient strengths to be used, there is a need for specification and optimization regarding the measurement techniques and measurement accuracy employed by individual MRI system manufacturers to monitor these limits and ensure that they are met.
MR imaging of patients with MR conditional pacemaker systems
MR conditional pacemakers have been tested for a MR examination under specific conditions and approved for use by the European Medical Device Directive with CE certification ("in-label" use). Pacemaker manufacturers guarantee safety with proper use according to the specific conditions for use.
Technical modifications of MR conditional pacemaker systems include replacement of the reed switch with a Hall sensor (unlike a standard reed switch, its behavior is predictable in a strong static magnetic field), improved protection of the internal circuits (thereby avoiding electromagnetic interference and voltage drop-induced electrical resets), modification of input capacities and protective diodes in the pacemaker pulse generator (to reduce voltage induction into the leads), as well as a software-based MR protection mode (see below).
Most pacemaker manufacturers have developed new lead models in which RF-induced heating is significantly reduced by specific design modifications (e. g. implementation of an electronic filter behind the lead tip). In addition, all major manufacturers have tested their conventional pacemaker leads and have identified numerous models, which under certain conditions could be approved as MR conditional (back labeling). This implies that even a conventional lead primarily labeled "MR-unsafe" on the pacemaker ID card issued at the time of implantation can be retrospectively tested and approved as "MR conditional". This emphasizes that data regarding MR safety of the leads in the pacemaker ID card may not be reliable, and should be currently reviewed with the manufacturer (manual, hotline, website).
The recommended procedural management of patients with MR conditional pacemakers is shown in the following. It should be noted that all information is only a snapshot of the current situation. Changes to the conditions for use are possible, and it is necessary to review each case individually and in a timely manner.
Indications/review of the conditions of use in the case of MR conditional pacemaker systems 
Patient information/informed consent in the case of MR conditional pacemaker systems
It is recommended to inform the patient that MR conditional pacemaker systems are new technology for which only limited long-term clinical data is currently available. MR-associated risks such as lead heating and/or unintended cardiac stimulation are minimized to the extent that the remaining risk is accepted as reasonable according to the criteria of the approval authorities under consideration of the benefits to be expected from the MR examination. However, these risks cannot be absolutely ruled out in individual cases.
Monitoring during MR examinations in the case of MR conditional pacemaker systems
In principle, the presence of a cardiologist during an MR scan of a patient with an MR conditional pacemaker system is not required as long as complications which may occur independent of the presence of a pacemaker can be detected and treated by attending medical staff until the arrival of an emergency team. The situation is comparable to the management of contrast agentinduced events. All manufacturers of MR conditional pacemakers require patient monitoring using the following methods during an MR scan: pulse oximetry, ECG or blood pressure measurement. The user may select the monitoring modality. The authors of this consensus paper strongly recommend monitoring using an MR conditional pulse oximeter since the validity of ECG registrations is still frequently impaired by significant overlaying artifacts and blood pressure measurements do not provide continuous monitoring of the patient. In contrast to the procedure for conventional pacemakers, pulse oximetry alone is considered sufficient for monitoring patients with MR conditional pacemaker systems.
MR-related conditions for use/safety precautions for MR conditional pacemaker systems
SAR value: To reduce RF-induced lead heating, the whole-body SAR value is limited for most MR conditional systems to the normal operating mode with an upper threshold of 2 W/kg (local head SAR value 3.2 W/kg) (see also the comment "SAR value" in the section "Conventional pacemakers"). Some pacemaker systems made by Biotronik, Boston Scientific and St. Jude are also approved for MR examinations with a maximum possible wholebody SAR value of 4 W/kg. MR coils: All currently commercially available receiver coils, including local surface receiver coils, can be used in all body regions. The integrated body RF coil is approved for all pacemaker manufacturers as the transmitter coil. Some pacemaker manufacturers (Medtronic, Biotronik and Boston Scientific) also allow the use of combined transmit/receive coils outside the thoracic region which in relatively rare cases are available for some MR systems as knee or head coils, for example.
There are additional manufacturer and model-dependent specifications of the conditions of use for MR conditional pacemaker systems, such as MR examination time, cumulative MR examination time over the life time of the pacemaker system, minimum patient body size, position of the patient within the RF coil, and exclusion of fever or impaired patient body temperature regulation, which will not be discussed here in greater detail. The position paper of the German Roentgen Society regarding MR examinations in patients with pacemakers provides a detailed overview of these conditions for use [22] . However, it is the responsibility of the attending radiologist to obtain the conditions for use that are valid at the time of MR examination from the product manuals, hotlines or website of the relevant pacemaker manufacturer.
Pacemaker-related conditions for use/safety precautions for MR conditional pacemaker systems
Analogously to the procedure with conventional pacemaker systems, prior to MR imaging, MR conditional PM systems should be programmed to an MR protection mode (asynchronous mode or deactivation of the pacing function, bipolar lead configuration, increased stimulation output, deactivation of supplementary stimulation functions such as frequency-adapted stimulation or antitachycardia overstimulation), which is stored in the software options of the pacemaker model. This implies that patients must always and principally be seen by a cardiologist before and after an MR examination.
Recommendations regarding reprogramming and monitoring in MR conditional pacemakers are provided in ▶ Table 4 .
Unlike conventional pacemaker systems, follow-up after 3 months to rule out long-term damage is not obligatory.
MR imaging in patients with conventional ICD systems
Compared to pacemakers, implantable cardioverter defibrillators (ICD) have additional electrotechnical components such as a transformer to increase the battery voltage and a capacitor for storing the energy needed for shock delivery.
A further fundamental design and safety-related difference is that magnetic activation of the reed switch does not result in asynchronous stimulation as in pacemakers but rather in deactivation of tachycardia detection and thus in deactivation of antitachycardia therapy (shock delivery and ventricular overstimulation for the termination of ventricular fibrillation and/or ventricular tachycardia).
All of the main risks for patients with pacemakers (including inhibition of pacemaker stimulation, unintended cardiac stimulation, heating of leads) also apply to ICD patients.
However, the risks posed by MR imaging are significantly higher in ICD patients:
1. In contrast to pacemaker patients, ICD patients typically have a structural myocardial disease. As a result, there is a comparably higher risk of triggering ventricular tachycardia or ventricular fibrillation in the case of voltage inductions at the lead tips occurring during MR imaging. 2. Additional complex interactions between the ICD and the specific MR fields are the result of the additional diagnostic and therapeutic antitachycardia functions. Pulsed MR fields can be interpreted by the ICD system as ventricular tachycardia or ventricular fibrillation and thus may induce therapeutic shock delivery. In principle, this problem can be avoided by deactivation of ICD treatment options prior to MR examination. However, it must be taken into consideration that sensing of the MR fields as electromagnetic interference can cause the ICD system to perform an electrical reset in which the therapy option of the ICD system is activated/reactivated by default. However, the potential risk for the patient here is not inappropriate shock delivery by the ICD system as would be ex-pected, since the ferromagnetic core of the transformer is saturated in the strong static magnetic field of an MR system which makes charging of the ICD capacitors impossible. Instead, the main risk for patients is that the short-circuit of the battery in the static magnetic field cause repetitive unsuccessful charging attempts which may result in heating and damage of the electronic components of the ICD, leading to complete and permanent system failure. This would result in an acute and potentially life-threatening emergency situation for ICD patients with absolute PM dependency. Moreover, the pulse generator can be significantly heated by the short-circuit resulting in local thermal damage.
Note: Some ICD models allow programming of audio warning sounds to indicate, e.g. battery depletion or electrode dysfunction. These alert features may fail after MR imaging due to damage to the ICD loudspeaker unit.
Critical review of the indications for MR imaging in patients with conventional ICD systems
Indications should be determined and reviewed as in the case of conventional pacemakers. It is essential to evaluate the individual risk/benefit ratio for the patient. The particular region to undergo MR examination and the electrophysiological risk profile of the ICD patient in particular must be taken into consideration when determining risk.
It must be stated again here that the electrophysiological risk for an ICD patient during MR examination is to be considered significantly higher compared to PM patients for the following reasons: 1. the higher vulnerability of the structurally damaged myocardium and 2. the higher risk of irreversible malfunctioning of the ICD system.
Particularly in the case of a very high or high risk profile (▶ Table 5 ), the indication for an MR examination should be determined on a very strict basis and the expected risk/benefit ratio should be critically reviewed.
Patient education/informed consent in patients with conventional ICD systems 1. As in the case of conventional pacemaker systems, MR imgaging in patients with conventional ICD systems is a nonapproved ("off-label") procedure based on a case-by-case decision on the part of the attending responsible expert physicians. 2. MR imgaging in patients with conventional ICD systems pose the following potential risks and complications: ▪ Damage to the ICD system to the point of complete system failure as a potentially life-threatening complication in patients with absolute PM dependency ▪ Malfunction of the leads, e. g. due to heating-related increase of the pacing capture threshold, with the need for lead revision/extraction ▪ Heating of the leads resulting in thermal myocardial/subendocardial damage and ineffective stimulation (acute or chronic) as a potentially life-threatening complication in the case of absolute PM dependency of the patient ▪ Induction of potentially life-threatening tachyarrhythmias ▪ Inhibition of pacemaker therapy of spontaneous bradyarrhythmic episodes occurring during the MR scan with potentially life-threatening consequences in patients with absolute PM dependency ▪ Due to the necessary deactivation of the ICD therapy options, the patient is not protected in the case of spontaneous potentially life-threatening tachyarrhythmias occurring during the MR examination
The risks mentioned above can be minimized by employing specific safety precautions. However, these risks cannot be absolutely eliminated and are not quantifiable in individual cases.
Reprogramming strategies in patients with conventional ICD systems
In particular, it must be taken into consideration in reprogramming strategies for patients with conventional ICD systems that the occurrence of intermittent asynchronous myocardial stimulation and competitive rhythms should be strictly avoided taking into account the increased risk of the induction of high-grade ventricular arrhythmias due to the structurally damaged myocardium of ICD patients. Consequently, ICD patients with stable intrinsic bradycardia should be programmed to D00 or V00 mode with asynchronous stimulation significantly above the intrinsic heart rate (e. g. 80 or 90/min). This programming also takes into consideration that hemodynamically limited ICD patients typically do not tolerate a low intrinsic heart rate well. If the conventional ICD system does not support asynchronous stimulation in bradycardic ICD patients, the indication for MR imaging should be determined on a stricter basis due to the risk of complete inhibition of ICD stimulation in DDD or VVI mode (see above).
MR imaging in ICD patients with absolute PM dependency represents a particularly high risk due to the danger of MR induced complete system failure (see above) and should only be performed in justified exceptional cases at highly experienced centers.
In ICD patients who are not PM-dependent, the ICD should be programmed to 0D0 mode with deactivation of the stimulation function.
It is absolutely mandatory to deactivate tachycardia detection prior to the MR examination to avoid misinterpretation of the pulsed MR fields as malignant ventricular arrhythmias and attempts of the ICD to deliver shock therapy.
As in the case of conventional pacemakers, an ICD follow-up to rule out long-term damage should be performed after 3 months.
This recommended reprogramming procedure is summarized in ▶ Table 5 .
Monitoring in patients with conventional ICD systems
As in the case of pacemaker patients, MR-compatible pulse oximetry with continuous display of the peripheral pulse wave and oxygen saturation is mandatory for the monitoring of ICD patients. Additional ECG monitoring with a certified and MR conditionals ECG device is recommended.
Moreover, on-site availability of a defibrillator and a suitable ICD programmer is absolutely mandatory.
Since ICD treatment options are deactivated for MR examination and the patient is thus not protected in the case of spontaneous high-grade arrhythmias, the patient must be continuously monitored until the original ICD mode is restored.
Reprogramming should be performed immediately before and after MR examination. The presence of a cardiologist is mandatory since any complications that occur (ventricular fibrillation, ineffective stimulation in a patient with PM dependency) in ICD patients with a structurally damaged myocardium require quick and specific electrophysiological management.
MR-related safety precautions in patients with conventional ICD systems
The following MR-related safety precautions for patients with conventional ICD systems should be used analogously to the procedure for patients with conventional pacemakers: ▪ Restriction to closed/cylindrical MR units with a field strength of 1. MR imaging of patients with MR conditional ICD systems MR conditional ICD systems have been tested in the MR environment and approved for use under specific conditions by the European Regulatory Authorities with CE certification ("in-label" use).
The specific conditions for use correspond largely to those of MR conditional PM systems and must be obtained from the current manual, hotline, or website of the particular manufacturer.
Recommendations regarding risk assessment, reprogramming and monitoring in MR examinations of patients with conventional and MR conditional ICD systems are provided in ▶ Table 5 .
Cardiac MR imaging of patients with PM and ICD systems
The recommendations regarding risk assessment, reprogramming, and monitoring of patients with pacemakers and ICDs undergoing cardiac MR (▶ Table 6 ) fundamentally correspond to the recommendations given above for PM/ICD patients undergoing extracardiac MR.
However, cardiac MR imaging principally poses a higher risk for the following reasons: 1. Higher risk profile due to the position of the PM/lead system in the central region of the RF coil during cardiac MR examination with full irradiation of the RF energy 2. Higher risk of relevant impairment of the image quality of cardiac MR examinations due to susceptibility and off-reso-▶ possible at a different time and location than MR examination but within 48 hours after MRI 1 Note: 0D0 or 000 mode is recommended by manufacturers of MR conditional pacemakers due to the minimization of possible interference with the MR fields and is stored in the MR protection mode. However, in 0D0/000 mode, the patient is not protected during MR imaging against spontaneous symptomatic bradycardia. Therefore, appropriate emergency cardiology care must be ensured. 2 Note: VVI mode allows reprogramming at a different time and location than the MR examination but entails a higher risk for interference with MR fields and is therefore not part of the stored MR protection mode, thus representing off-label use.
nance artifacts that arise particularly from the transformer in ICD systems and require the use of alternative sequence techniques (e. g. spoiled gradient sequences instead of SSFP sequences, broadband excitation pulses in late enhancement sequences) 3. Higher risk of competitive rhythms and induction of cardiac arrhythmias during cardiac MR stress tests due to unstable/ stimulated cardiac heart rates 4. The indication for cardiac MR examinations usually implies the presence or suspicion of structural myocardial disease with a higher risk profile (e. g. myocarditis, cardiomyopathy) for MR imaging.
Therefore, the indication for cardiac MR examinations in PM/ICD patients should be determined on a particularly strict basis, especially if the issue can be adequately resolved with alternative diagnostic methods such as echocardiography or SPECT and MR imaging should only be performed at highly experienced centers.
▶ Table 5 Recommendations regarding risk assessment, reprogramming and monitoring in patients with conventional and MR conditional ICD systems undergoing MR imaging. 
